The molecular imprinting method is attractive for easily preparing a resin to recognize a target molecule, 1 since it needs no precise design for preparing host compounds (supramolecules), such as crown ethers, cryptands, and cyclodextrins. Many imprinted resins have been prepared as sensors 2 and for separating herbicides 3 and enantio-isomer compounds. 4 We have successfully prepared imprinted resins by a surface imprinting method for metal-chelation using oleic acid 5 and phosphoric acid 6,7 as a functional surfactant; they were also prepared for catching inorganic anions, such as ferrocyanide 8 and condensed-phosphate, 9 by using oleylamine. Since this method produces spherical micro-particles, grinding and sieving of the resultant resin are not necessary. In addition, imprinted sites exist on the surface of the resin, so that rapid separation may be achieved.
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We investigated the preparation of organic acid-imprinted resins by the surface imprinting method. There are many organic acids in foods, especially in vegetable, fruits and fermented foods. The quantitative analysis of organic acids is important for managing food quality, as quantity of the each organic acid in foods is related to the characteristic taste. Among many organic acids, we selected dicarboxylic acids such as phthalic, hexahydrophthalic and 2,3-pyridinedicarboxylic acids as the template, although these acids do not exist in food. Figure 1 shows the concept of organic acid-surface template polymerization in a schematic manner.
The functional surfactant monomers and the target organic acid interact with each other at the oil/water emulsion interface. Thus, the organic acid-amino groups complex is immobilized by the polymerization of divinylbenzene as the matrix monomer. The adsorption was investigated for phthalic, hexahydrophthalic and 2,3-pyridinedicarboxylic acids on their imprinted resins and compared to a reference resin (i.e., non-imprinted resin), although the phthalic and hexahydrophthalic acids adsorbed much more effectively on their imprinted resins than on their non-imprinted resins, but 2,3-pyridinedicarboxylic acid adsorbed on its imprinted resin as much as on its non-imprinted resin.
Experimental
Reagents and apparatus Divinylbenzene (DVB, 97% purity) (a gift from Nippon Steel Chemical Co., Ltd.) was used after a treatment with silica gel to remove an inhibitor.
2,2′-Azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70; Wako Pure Chemical Industries, Ltd.) was used as a radical polymerization initiator. Oleylamine (Aldrich Co., Ltd.), potassium hydrogenphthalate, hexahydrophthalic acid (Wako Pure Chemical Industries, Ltd.) and 2,3-pyridinedicarboxylic acid (Tokyo Chemical Industry Co., Ltd.) were purchased and used as received. A 10-mM phthalic acid stock solution was prepared by dissolving 0.204 g of potassium hydrogenphthalate with 100 cm 3 of distilled water. Ten mM of hexahydrophthalic acid and 10 mM of 2,3-pyridinedicarboxylic acid stock solutions were prepared by dissolving 0.172 g of hexahydrophthalic acid in 100 cm 3 of 0.1 M KOH solution, and 10 mM of 2,3-pyridinedicarboxylic acid was prepared from 0.167 g of 2,3-pyridinedicarboxylic acid in a similar manner. Other reagents were of commercially available grade. The concentration of organic acids, such as phthalic acid, hexahydrophthalic acid and 2,3-pyridinedicarboxylic acid were determined by HPLC analysis. The conditions for phthalic acid were as follows: PARTISIL-10-C8 column (4.6 × 150 mm, Whatman Co., Ltd.); eluent, methanol-acetic acid solution (water:methanol:acetic acid = 69:30:1); flow rate, 1.0 ml/min and spectrophotometrically monitored at 230 nm. Hexahydrophthalic acid and 2,3-pyridinedicarboxylic acid determinations required a 23694-type organic column (7.8 × 300 mm, Waters Co., Ltd.). Eluent A was 5 mM ptoluenesulfonic acid and eluent B consisted of 5 mM ptoluenesulfonic acid, 0.1 mM EDTA and 20 mM Bis-Tris buffer solution. The flow rates of eluent A and B were 0.8 ml/min, respectively. The eluent was monitored by measuring the conductivity at 80˚C.
Preparation of the imprinted resin
The phthalic acid imprinted resin was prepared as follows: oleylamine (0.50 mmol) dissolved in divinylbenzene (10 g) and 100 cm 3 of 0.08 M hydrochloric acid containing potassium phthalate (0.025 mmol, template) was mixed under a nitrogen atmosphere. The mixture was sonicated for 3 min to obtain emulsion. Then, an initiator (V-70, 0.2 g) was added to the mixture. The mixture was stirred magnetically and cooled with an ice water bath at 0˚C, and the temperature was gradually raised to 25˚C for 2 h and then kept at 25˚C for 12 h. The suspension in the flask was poured into a 0.1 M potassium hydroxide solution (300 cm 3 ). The resins formed aggregates, the suspension of which was stirred for 12 h. The resin was filtered and washed with 0.1 M potassium hydroxide solution (300 cm 3 ) three times to remove the template and dried for 12 h in vacuo. The recovery of the template guest was determined by a measurement of the phthalic acid concentration in the filtrate. Hexahydrophthalic acid and 2,3-pyridinedicarboxylic acid were used similarly to prepare their imprinted resins, respectively. Non-imprinted resin was prepared similarly to the imprinted resin, but without using a template. These preparation conditions of the resins are summarized in Table 1 .
The obtained particles were spherical with diameters ranging from 0.01 µm to 20 µm based on scanning electron microscope measurements.
Adsorption of an organic acid on a resin
One tenth of a gram of resin and 10 cm 3 of a 0.01 M aqueous potassium chloride solution containing 0.05 mM of phthalic acid were mixed in a ∼12 cm 3 plastic tube. The tube was shaken for 12 h, and the pH of the solution was measured. The resin was filtered through a DISMIC-25 filter (Advantec Toyo Co., Ltd.), and the phthalic acid concentration in the filtrate was measured. The percentage of phthalic acid adsorbed from the solution to the resin was calculated from the initial phthalic acid concentration. The adsorptions of other organic acids were measured in a similar manner.
Results and Discussion
There are many organic acids. We selected phthalic acid as a target, which has two neighboring carboxylic acid groups and a ring structure, since these carboxylic acid groups should effectively interact with amino groups, and the phthalic acid structure has a rigid skeleton. Thus, a phthalic acid-imprinted resin was prepared by the surface imprinting method. The recovery of the template in the filtrate was 100%; the amount obtained for both imprinted and non-imprinted resin was ca. 10.0 g. The adsorption of 0.05 mM of phthalic acid on the imprinted resin was investigated (Fig. 2) .
Phthalic acid adsorbed on the resin at pH 6 and below. The adsorption amount on the resin was maximum at around pH 4 and was reduced by protonation of the resin's amino groups below pH 4. The pH value where phthalic acid most adsorbed on the imprinted resin was higher than on the non-imprinted resin. This means that the imprinted resin adsorbed phthalic acid more effectively, because the imprinted resin had a template-fitted structure, although the amino groups on the resin surface were less protonated at higher pH. This phenomenon was similar to 944 ANALYTICAL SCIENCES AUGUST 2002, VOL. 18 the adsorption of ferrocyanide 8 and tripolyphosphate 9 on their imprinted resins. We then prepared hexahydrophthalic and 2,3-pyridinedicarboxylic acid-imprinted resins, because these acids have dicarboxylic acid groups and a ring-skeleton structure. The recovery of hexahydrophthalic acid could not be determined, because the hexahydrophthalic acid in filtrate in HPLC could not be clearly analyzed.
The 2,3-pyridinedicarboxylic acid recovery was 74%, indicating that the template recovery was not complete. Hexahydrophthalic acid, a 0.1 mM solution, was adsorbed on its imprinted resin at pH from 2 to 7; the maximum adsorption was observed at pH 5 on the imprinted resin. In contrast, the non-imprinted resin adsorbed it less than the imprinted resin. The adsorption of hexahydrophthalic acid was seen at pH from 2 to 5; the maximum adsorption was at pH 3. This behavior was similar to that of phthalic acid. On the other hand, the adsorption of 2,3-pyridinedicarboxylic acid, 0.1 mM solution, on its imprinted resin showed almost the same profile as that on non-imprinted resin. In addition, the adsorption amount on the resins was very small, as compared to the adsorption of hexahydrophthalic acid. The small adsorption of 2,3-pyridinedicarboxylic acid on resins may be explained by the fact that the nitrogen on the pyridine ring of 2,3-pyridinedicarboxylic acid is protonated in the acidic region, resulting in the electrostatic repulsion between the protonated amino-groups on the surface of resins and 2,3-pyridinedicarboxylic acid.
In conclusion, we successfully prepared organic acid-imprinted resins using oleylamine as the functional surfactant by the surface imprinting method. Phthalic acid and hexahydrophthalic acid were adsorbed on their corresponding imprinted resins more effectively than on non-imprinted resins. However, 2,3-pyridinedicarboxylic acid was not adsorbed on its imprinted resin effectively. Organic acid compounds, which have two carboxylic acids groups as neighbors, demonstrated template effects by the surface imprinting method. Other organic compounds will be used to prepare their imprinted resins in future studies.
